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ABSTRACT

Third Harmonic Generation – a Method for Visualizing Myelin in the Murine Cerebral Cortex
by
Michael Redlich

Advisor: Hyungsik Lim

Here we present the use of Third Harmonic Generation (THG) for the label-free imaging of myelinated
axons in the murine cerebral cortex. Myelin plays an important role in the processes of learning and
disease. However, much of the myelin biology research thus far has focused on white matter tracts where
myelin is more visible. Much is still unknown, particularly with regard to myelin in gray matter. First, we
engage in THG microscopy using an optical parametric oscillator pumped by a titanium-sapphire laser to
demonstrate the utility of the technique for imaging myelin in vivo. Second, we investigate the use of a
custom built low-repetition rate laser to substantially increase THG signal. We characterize the
improvements and limitations of this light source with regards to THG microscopy. Lastly, we demonstrate
a method for the estimation of the g-ratio from THG images by the use of a Bayesian model. The g-ratio is
an important physical property relating to the thickness of the myelin sheath; modulation in the g-ratio
could give clues to its underlying function. THG microscopy is uniquely adept at providing the data
necessary for a g-ratio estimation.
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Chapter 1: Introduction
The first use of Third Harmonic Generation (THG) as an imaging technique was published by Barad et al.
in 1996; it was made possible by advances in ultra-fast laser technology making the requisite high peak
powers achievable1. This group used a synchronously pumped Optical Parametric Oscillator (OPO) tuned
to a 1.5µm wavelength to generate THG signal in glass fibers. Two years later, Müller et al. used an
optical parametric amplifier to image live cells – in this case, those of a leaf – by THG 2, the first case of
biological imaging by THG.
In the nearly 25 years since then, THG has been used to examine a variety of biological samples
including skin3, Zebra fish embryos4, and neurons5. THG imaging of myelin was first reported in 2011
when Farrar et al. demonstrated strong co-registration between THG and FluoroMyelin red, a myelin
specific dye, in the white matter of murine brain tissue6. Importantly they demonstrated that myelin was
the dominant source of THG signal in the murine central nervous system (CNS). In 2014, Lim et al. used
THG microscopy to attain high resolution images of myelin in the peripheral nervous system (PNS) 18.

Briefly, we introduce the origin of THG signal. THG signal arises from the third order nonlinear
susceptibility. In general there is a phase matching requirement for third harmonic signal. In the
focus of a beam, the Gouy phase shift eliminates the phase matching, and causes a complete
destructive interference of THG inside a homogenous medium. As a result, nonvanishing THG signal
only occurs in the vicinity of an interface where the symmetry of the phase shift breaks down1,7,8. In
the example of a myelin sheath, THG emission arises from the boundaries between the lipid and
aqueous media in the cytoplasm, i.e., from the inner (adaxonal) and outer (abaxonal) membranes,
but it is absent within the bulk of the sheath.
Myelin is a multiple-layered membrane sheath surrounding some axons in the CNS and PNS of
vertebrates; it plays a crucial role in the proper processing of neural information, facilitating a faster and
more energy efficient conduction of action potentials than in unmyelinated axons. Abnormal myelination is
implicated in a variety of clinical conditions, such as Multiple Sclerosis (MS), Charcot-Marie-Tooth disease,
and schizophrenia. Although myelination in the brain is typically associated with the white matter, it is
abundant also in the gray matter. Conceivably, myelin is an indispensable element for building a cortical
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circuit but the mechanism underlying the recruitment of cortical myelin is unknown. There can be multifaceted functions, i.e., the thalamocortical axons myelinate to synchronize the arrival of excitation across
the cortex9, whereas another distinct function might be carried out by ensheathing the inhibitory neurons
in layers 2/3 and 410. Furthermore, myelination of the neocortical pyramidal neurons has been proposed
as a substrate for neural plasticity11. Demyelination in the gray matter may have profound cognitive and
behavioral consequences, as implicated in disorders such as MS12-14.
However, understanding the regulation of cortical myelin in health and pathology is hampered by the lack
of suitable technology of imaging the architecture in live animals. The standard procedure to fix, embed,
slice the sample, and then image the sections by electron microscopy (EM) is not only labor-intensive but
also erases the dynamics present in fresh tissue. For monitoring experience- and age-dependent
remodeling of oligodendrocytes15,16 without sample-to-sample variabilities, it is desirable to image the
same brains longitudinally. An ability to visualize the responses to various experimental and
environmental stimuli would be crucial for elucidating the principle of cortical myelination. Other standard
assays include histochemistry of postmortem specimens using Luxol Fast Blue and Myelin Basic Protein
antibody staining; neither can track the dynamic processes of myelination and demyelination. Luxol Fast
Blue has been shown not to stain grey matter lesions sufficiently13. Magnetic resonance imaging (MRI),
crucial for the diagnosis of neurological disorders, can only provide gross visualization. The low resolution
of MRI does not only compromise sensitivity, preventing early detection of MS17, it also prevents the direct
measurement of the morphology of individual myelinated fibers in living animals. Consequently, it too is
not suitable for cellular level studies in live animals.
In this dissertation, we address this issue by demonstrating high resolution intravital imaging of myelin in
the CNS by THG, and we analyze properties of cortical myelin. We further develop this technique in two
ways. First, we vastly improve THG signal generation by using a high peak power light source. Second,
we take advantage of the unique way in which THG signal is produced to model the THG images of the
myelin sheath as a Gaussian mixture allowing for substantially increased resolution in the estimation of
the g-ratio.
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Chapter 2: Methods
2.1 Animals and lentivirus

Strains: Two mouse strains exhibiting hypomyelination are shown; knockout mice haploinsufficient
for NRG1 type III (NRG1 type III+/-)19,20 and trembler (Tr-J) with a heterozygous point mutation in the
PMP22 gene21,22. NRG1 type III+/- mice were kindly provided by Dr. James Salzer. All other mice
were obtained from Jackson Lab, including Thy1-YFP (#003709), CNP-EGFP (#026105), Tr-J (#021550),
and B6/J (#000664). All procedures were approved by the Hunter College Institutional Animal Care and
Use Committee (IACUC). All methods were carried out in accordance with relevant guidelines and
regulations.
Cloning of LV transgene. The third generation LV vector was used (2 μg, Addgene #14883) for cloning
pLV-Syn-TagRFPt-T2A-EGFP. The vector was digested by restriction enzymes and purified by gel
electrophoresis. The inserts of TagRFPt-t2A and EGFP were amplified by PCR using Pfx DNA
polymerase (Thermo Fisher Scientific). The inserts and the vector were ligated using HiFi DNA Assembly
(New England Biolabs). Bacterial cells were transformed. 10 colonies were selected and grown in LB
media overnight. The result of ligation was verified by restriction digest and Sanger sequencing.
Production and concentration of LV: High titer LVs were produced as described previously23,24. Briefly,
approximately ~300 μg of transfer vector was obtained by growing bacteria in 500-mL LB media overnight
and maxi-prep. 293T cells were seeded in twelve 15-cm dish approximately 8 hours prior to transfection.
The medium was changed 2 hours prior to transfection. The mixture of plasmids (transfer vector,
pMDLg/pRRE pREV, and pVSV-G) was prepared for transfection. Then DNA-CaPO 4 precipitate was
formed by adding CaCl2, double distilled H2O, and 2×HBSS. After incubating for 12-16 hours, the
precipitate was removed, and the media was changed. After incubation overnight, the supernatant was
collected for the first harvest. Fresh 15-mL media was added and incubated overnight. The supernatant
was collected for the second harvest. The supernatants were pooled and cleaned up with 0.45-μm filter.
At this point the titer was >106 viral particles/mL. After concentration by ultracentrifuge the titer increased
~150-fold to >108 viral particles/mL.
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Stereotaxic injection: LV was injected using a stereotaxic frame as described previously 23,25. A mouse
was anesthetized with 1.5% isoflurane at 0.5 liter/min oxygen delivery. The mouse was placed in a
stereotaxic frame and the head was firmly secured with ear bars. A small flap of skin was removed with a
scalpel from the dorsal skull of the visual cortex. A hole of 300 μm in diameter was drilled above the
target area. The tip of a 32-gauge needle was lowered to a desired depth below the pia mater. Then a 1µL solution of LV particles was injected slowly over 10 min. After 2 minutes, the needle was withdrawn
slowly, and the wound was closed by clipping the skin. The animal received post-operative care.
Installing the cranial optical window: An optical cranial window was placed as described previously23,26. A
mouse was anaesthetized with 1.5% isoflurane, the head immobilized, and placed on a heating blanket.
An eye ointment was applied to prevent drying. The mouse was placed in a stereotaxic frame and the
head was firmly secured with ear bars. The area of operation was sterilized with betadine and then 70%
ethanol. The skin over the head was cut using scissors. The exposed area was scraped with a scalpel for
better adhesion. A 2-mm guide circle was drawn with a pencil which was subsequently drilled until a thin
layer of skull was left. A drop of phosphate-buffered saline (PBS) was put on the area and the thinned
skull was removed using the tip of a thin forceps. After the dura was dry, a sterile 3-mm glass coverslip
was placed on top of the dura mater and glue was applied around the coverslip. Dental acrylic mix was
applied around the edges of the cover slip to cover the entire skull surface. A titanium head bar or razor
blade was placed on the acrylic resin and allowed 10 mins to harden in order to reduce motion artifacts.
The retinal flatmount: The retinal flatmounts were prepared as described previously27. The mouse was
euthanized, and the eye was enucleated. The retina was peeled off and radial cuts were made. The retina
was placed on a glass-bottom dish and immersed into oxygenated PBS solution for imaging.
Brain slice preparation: Transcardial perfusion fixation was performed with 4% paraformaldehyde. The
fixed brain was sliced using a vibratome (Leica VT1200S), transferred to a dish and held down with an
anchor.
Sciatic nerve preparation: Fibers from murine sciatic nerves were prepared by being removed and

teased in ice-cold Dulbecco’s PBS by using fine needles.
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2.2 Microscopy
Third Harmonic Generation: For THG microscopy, a standard setup was as described previously18. The
elliptical polarization was obtained with half- and quarter-waveplates. That the excitation beam was free
from aberrations was confirmed by measuring the point spread function (PSF) with sub-resolution
fluorescent beads. The pixel dwell time was ∼4 μs. Typically 1-5 frames were acquired at the frame rate
of ∼1 Hz. In the case of intravital imaging, the animal was euthanized afterwards. For the excitation of
THG in the OPO path, short pulses from an OPO pumped with 100fs, 80MHz repetition rate Ti:Sapphire
laser were used (Chameleon; Coherent, Inc.). The excitation wavelength was 1160nm. The elliptical
polarization was obtained with half- and quarter-waveplates. The excitation beam was focused with a
water-dipping objective lens (Nikon CFI75 16× 0.8NA or Leica HC FLUOTAR L 25x 0.95NA). The
average power was 100-150 mW at the sample. The backward-scattered THG signal from the brain was
collected with the same objective lens and detected with a photomultiplier tube (PMT; Hamamatsu
H10770PA-40). The center/bandwidth of the filter used was 387/15. For the YFLS path, a telescope of
two concave mirrors was used to magnify the beam. The magnification was chosen to properly fill the
entrance pupil of the objective lens. The excitation wavelength was 1030nm. A water dripping objective
lens (Olympus LUMPLFLN40XW 0.8NA) was used which had high transmission at both the excitation
and emission wavelengths and a PMT (Hamamatsu H10722-210) was used that had an adequate
sensitivity at 343 nm. The signal was collected after a narrow bandpass filter by non-descanned
epidetection. The center/bandwidth of the filter used was 340/22.
Second Harmonic Generation: A standard setup was used as described previously27. For exciting SHG,
short pulses from the YFLS (Solas, Clark-MXR) and the Ti:Sapphire laser (Chameleon Ultra, Coherent)
were used. The excitation wavelength was 1030nm. The laser beam was focused using a water-dripping
objective lens (Leica HC FLUOTAR L 25x 0.95NA). The polarization of the excitation beam was
controlled by a polarization state generator containing two liquid crystal variable retarders and a quarterwave plate. SHG signal emitting from the sample was collected in the forward direction with another
objective lens (Olympus UApo340, 40x 1.35NA), and detected by a PMT (Hamamatsu H10492-003). The
center/bandwidth of the filter used was 525/50. The excitation wavelength was 1030nm. That the
excitation beam was free from aberrations was confirmed by measuring the PSF with sub-resolution
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fluorescent beads. The pixel dwell time was ~4µs. Typically 1-5 frames were acquired at the frame rate of
~1Hz. For the excitation in the Ti:Sapphire path, short pulses from a 100fs, 80MHz repetition rate
Ti:Sapphire laser were used. For the YFLS path, a telescope of two concave mirrors was used to magnify
the beam. The magnification was chosen to properly fill the entrance pupil of the objective lens.
Multi-Photon imaging: A standard setup was used as described previously18,23. Short pulses from the
YFLS (Solas, Clark-MXR) and the Ti:Sapphire laser (Chameleon Ultra, Coherent) were used. The
backward-scattered signal from the brain was collected with the excitation objective lens and detected
with a PMT (Hamamatsu H10770PA-40). The signal was collected after narrow bandpass filters by nondescanned epidetection. The center/bandwidth of filters were: 420/40 (photodamage), 473/24 threephoton excited fluorescence (3PEF), 525/50 and 525/70 (EGFP and YFP), and 605/70 (TagRFPt). That
the excitation beam was free from aberrations was confirmed by measuring the PSF with sub-resolution
fluorescent beads. The average power was measured with two independent sensors. The pixel dwell time
was ∼4 μs. Typically 1-5 frames were acquired at the frame rate of ∼1 Hz. In the case of intravital
imaging, the animal was euthanized afterwards. For the excitation in the Ti:Sapphire path, short pulses
from a 100fs, 80MHz repetition rate Ti:Sapphire laser were used (Chameleon; Coherent, Inc.). The
excitation beam was focused with a water-dipping objective lens (Nikon CFI75 16× 0.8NA or Leica HC
FLUOTAR L 25x 0.95NA). The average power was 100-150 mW at the sample. For the YFLS path, a
telescope of two concave mirrors was used to magnify the beam. The magnification was chosen to
properly fill the entrance pupil of the objective lens. The excitation beam was focused with a water-dipping
objective lens (Leica HC FLUOTAR L 25x 0.95NA).
For simultaneous acquisition of two-photon excited fluorescence (2PEF) and THG, a beam of short
pulses at 850 nm from an independent mode-locked Ti:Sapphire laser (Tsunami; Spectra-Physics, Inc.)
was combined with the OPO beam using a dichroic filter.
2.3 Image Processing
Image processing was done using ImageJ28 and MATLAB (MathWorks, Inc.). Mosaics were created using
MosaicJ29. For 3D visualization, the contrast of z-stack was adjusted30 and rendered using Amira (Thermo
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Scientific). Axon tracing was performed by single-particle tracking31,32 and semiautomatic ridge
detection33,34. For the GMM, code originally provided by M. Chen35 was adapted.
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Chapter 3: A method to measure myeloarchitecture of the murine cerebral cortex in vivo and ex
vivo by intrinsic third-harmonic generation
This chapter contains works previously published in Frontiers in Neuroanatomy.
https://www.frontiersin.org/articles/10.3389/fnana.2019.00065/full
3.1: Abstract
A new label-free method is presented for measuring myeloarchitecture of the murine cerebral cortex in
vivo and ex vivo. Growing evidence suggests that cortical myelination plays significant roles in neuronal
plasticity and pathologies, such as MS, but illuminating the mechanism requires longitudinal imaging of
the same brains. Here we demonstrate imaging unlabeled myelinated fibers in a live mouse brain by THG.
Contrary to reflectance-based microscopies, fibers of all orientations could be visualized, i.e., radial and
tangential to the pia, revealing the three-dimensional connectivity. The depth of THG imaging in an intact
brain was approximately 200 µm, capturing the network of myelinated fibers into layers 2/3 in vivo. THG
provides a novel base for reconstruction of morphology. Semi-automatic tracing of THG-positive axons
unraveled the depth-dependent lattice of cortical myelin. Finally, a unique light property of THG was
exploited for the estimation of the g-ratio. The demonstrated THG morphometry of the length density,
orientation, and sheath thickness of cortical myelin could be useful for elucidating the modulation during
learning and diseases.
3.2: Introduction
Here we demonstrate label-free imaging of cortical myelin in the mouse brain in vivo and ex vivo. THG,
arising from index mismatch between lipid membranes and aqueous cytoplasm, has been employed for
visualizing myelinated fibers in the CNS6 and PNS18. In this work, the imaging contrast was tested
specifically for measuring gray matter myelinated axons in the brain, which are much thinner than those in
the white matter tracts.
3.3: Results
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THG was tested for visualizing myelin domains. Transgenic mice CNP-GFP and Thy1-YFP, which
expressed membrane-anchored green fluorescent protein (GFP) in myelinating cells under the 2',3'-cyclic
nucleotide 3' phosphodiesterase (CNP) promoter36 and yellow fluorescent protein (YFP) in the cytoplasm
of neurons under the Thy1 promoter37 respectively, were employed. The fixed intact brains from young
adult mice were imaged. 2PEF and THG were acquired simultaneously for co-registration. Fig. 1 depicts
representative images of the visual cortex (V1). Substantial co-localization between CNP-GFP and THG
confirmed that the origin of THG was primarily myelinated axons. Not all fibers expressing CNP-GFP
appeared in the THG channel (Fig. 1A), indicating a relatively lower sensitivity of THG. Interestingly, THG
was often complimentary to CNP-GFP; it was stronger in the compact myelin just as in Schwann cells 18,
whereas CNP-GFP was enriched in non-compact intracellular domains 36, analogously to the native CNP
protein itself38. Consequently, the cell body of the oligodendrocyte (asterisk, Fig. 1A) and the paranode
(arrow, Fig. 1B) were visible by CNP-GFP, while there was a chasm of THG at the node of Ranvier. THG
revealed the full width of internodes while the subcellular localization of CNP-GFP was often found within
narrow strips along the internode (arrowheads, Fig. 1C). The co-registration in the Thy1-YFP brains
verified that cortical myelination was not specific to the cell type; both Thy1+ and Thy1- cells could be
myelinated or unmyelinated (Fig. 1D, E).
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Figure 1. Imaging the whole brains of CNP-GFP and Thy1-YFP mice. (A) Co-registration of CNP-GFP
and THG, with the node of Ranvier (arrows) and compact myelin where CNP tapers (arrowheads). The
cell body is also labeled by CNP-GFP (*). Scale bar, 20 µm. (B), (C) A magnified view around the node
and the compact myelin, respectively. Scale bars, 10 µm. (D), (E) Myelinated Thy1+ cells with the node
(arrow) showing axoplasmic Thy1 within the THG gap. Thy1- cells can be also myelinated (arrowheads).
Scale bars, 20 µm.
The intricate organization of neuronal and non-neuronal cells has a significant bearing on the
physiological and cognitive functions of the cerebral cortex. We compared the cyto- and
myeloarchitecture of the same brain by simultaneously acquired 2PEF and THG from Thy1-YFP mice. Fig.
2 depicts a fixed slice of the primary motor cortex (M1). The density of myelinated fibers increased
monotonically with depth. Furthermore, the structure of myelinated fibers, which was lattice-like, also
varied with depth; the fibers in layer 1 were distinctly tangential to the pia (arrows, Fig. 2B), i.e., the
plexus of Exner, while those in layers 2/3 were predominantly radial. The radial fibers were diffuse in
layers 2/3 but more bundled in layer 4 (arrowheads, Fig. 2B). The overall morphological similarity to the
human anatomy39-42 affirmed the rodent as a viable model. However, analyzing the complete
myeloarchitecture was confounded by the two-dimensional slices because the fibers oriented
perpendicular to the slice were hard to detect. For instance, it was unclear whether there were dense
tangential fibers in deeper cortical layers (> layer 4) resembling the bands of Baillarger in humans. It
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seemed that the myelin network lacked columnar striations as conspicuous as Thy1+ cell bodies (Fig. 2A).
For more accurate analysis, a three-dimensional brain must be examined.

Figure 2. The relationship between cyto- and myeloarchitecture of the cerebral cortex by Thy1-YFP and
THG, respectively (inverted contrasts). (A) The coronal section. Scale bar, 1500 µm. (B), (C) Magnified
views of regions shown in (A). THG images of layers 1 (blue) and 4 (green). Myelinated fibers tangential
(arrows) and radial to the pia (arrowheads) appear in specific layers. Scale bar, 25 µm.
For volumetric imaging of the intact brain, first the depth of THG microscopy was characterized. A major
limiting factor is specimen-induced aberration, i.e., optical aberration arising from the turbidity of tissue 43-45,
causing the quality of the laser focus to degrade with depth. To characterize the effect of the numerical
aperture (NA) of the focusing excitation beam on the rate of degradation, we varied the NA by underfilling
the back aperture of the objective lens with the beam diameter, thus maintaining the efficiency of signal
collection. The same average excitation power was maintained at the sample. The effective NA can be
defined for an incident Gaussian beam truncated by the entrance pupil46.

𝑁𝐴

= 𝑁𝐴

×

𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛 𝑏𝑒𝑎𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝐹𝑊𝐻𝑀)
2 × 𝐸𝑛𝑡𝑟𝑎𝑛𝑐𝑒 𝑝𝑢𝑝𝑖𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
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Eq. 1

Where NAObj is the nominal NA of the objective lens and the beam diameter is the full width at the half
maximum (FWHM). Fig. 3 shows the maximum-intensity projection of axial sections of three nearby areas
in the perfusion-fixed whole mouse brain acquired at the effective NAs of 0.27, 0.53, and 0.8. The
maximum depth of imaging of approximately 200 µm was achieved at the intermediate NA of 0.53 (arrows,
Fig. 3) due to a tradeoff between the power density and specimen-induced aberration: At the effective NA
of 0.27, the laser focus was larger, as verified by the relative size of punctate features (arrowheads, Fig.
3), so the depth range was limited by the low power density. However at the effective NA of 0.8, despite
the tighter focus near the pia, the sample-induced aberration became dominant with depth resulting in the
reduced range. From this result it is predictable that the depth of THG microscopy can be extended
beyond 200 µm by means of wavefront correction45,47.
Having determined the optimal effective NA of ~0.53, we performed intravital THG microscopy through an
optical cranial window and a similar depth of ~200 µm was achieved (Fig. 3C). Remarkably, THG
visualized myelinated fibers of all orientations unraveling the depth-dependent distribution of myelin (I and
II, Fig 3C). The ability to capture both tangential and radial fibers without an orientational bias was in stark
contrast to reflectance-based modalities, e.g., spectral confocal reflectance microscopy (SCoRe) 48 and
optical coherence tomography (OCT)49,50, which visualize mostly the tangential fibers that are
perpendicular to the excitation beam.
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Figure 3. The depth of THG imaging of the intact mouse brain. (A) Characterizing the resolution
(arrowheads) and depth (arrows) of ex vivo imaging. Maximum-intensity projection is shown for three
effective NAs on the logarithmic scales. (B) Decreasing THG intensity with depth at a rate depending on
NA. The normalized THG intensity from radial myelinated fibers (average of N=6) and the best fit to a
linear model 𝑙𝑜𝑔〈𝐼/𝐼 〉 = (𝑧 − 𝑧)/𝜁. (C) Cortical myelin imaged in a live animal. Volumetric rendering of a
region (151 µm×151 µm×186 µm) shows distinct distribution of tangential and radial fibers at depths of 43
and 134 µm below the dura D (transverse sections I and II, respectively).
To examine the layer-specific orientations of myelinated fibers, we made transverse slices of a fixed brain
with a thickness of 100 µm (i.e., a half of the imaging depth) and imaged the serial sections. Z-stacks
were acquired in the first 8 slices covering a range of 0 to 800 µm deep and volumetric rendering was
created (Fig. 4A). All orientations could be visualized and the myelin network displayed a lattice structure,
as previously seen by IHC, where the fibers could be classified as either radial or tangential with little
ambiguity. There were significant depth-dependent variations in terms of the total and relative abundance
of the radial or tangential fibers. To analyze this quantitatively, a 3D volume of 100 µm×100 µm×100 µm
was selected at three different depths in the cerebral cortex, i.e., 0-100 µm, 200-300 µm, and 300-400 µm
(I, II, and III in Fig. 4, respectively) and the myelinated axons within each volume were traced semiautomatically. The axial projection of traced axons (XZ, Fig. 4B) replicated the results of Figs. 2B and C,
i.e., that the density of radial fibers increased monotonically with depth and some fibers merged to form
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bundles in deeper cortical layers (arrowhead, Fig. 4B). Furthermore, distinct bands of tangential fibers
could be observed in deeper layers (volume III, Figs. 4B and C). The total length density of myelinated
fibers in the range of 300-400 µm (layers 2/3) that were visualized by THG was approximately 0.015
µm/µm3, which corresponds to a volume fraction of ~17%. Compared to the previously measured value of
~0.040 µm/µm3 for the human and chimpanzee brains at an unspecified depth 51, it is within an order of
magnitude but smaller. Possible sources of errors include difference arising from the species and the
spacing between myelinated fibers being comparable to or less than the optical resolution (~1 µm). For
one of the imaged brains we used a CNP-GFP mouse and simultaneously acquired 2PEF signal. The
fluorescence image was traced semi-automatically as before and we saw a three-fold increase in the
length density of tangential fibers in volume III as compared to THG; this suggests that the lower length
density figure given by THG is due in part to lower sensitivity to thinner axons.

Figure 4. The depth-dependent distribution of tangential and radial fibers. (A) Volumetric rendering of
THG stacks in the range of 0-800 µm of the cortex. I, II, and III: 0-100 µm, 200-300 µm, and 300-400 µm
below the dura, respectively (inverted contrasts). (B) The transverse (XY) and axial (XZ) projections of
traced THG-positive axons exhibiting a lattice structure and fiber bundles (arrowheads) in deeper layers.
Scale bar, 20 µm. (C). The length density of traced THG-positive fibers (N=3).
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As an important indicator of the conduction velocity, the ratio of axon to fiber diameter, namely the g-ratio,
could be modulated during learning and pathology. On account of the sensitivity to the boundaries
between lipids and aqueous medium, THG microscopy is capable of measuring the biometric 18, so that
remodeling of myelin can be studied quantitatively in fresh tissue. The precision of THG-based
morphometry is inevitably limited by the optical resolution and most myelin sheaths in the cerebral cortex
had too thin to be resolved. Nonetheless for large caliber axons in the deeper cortex (>500 µm), the
adaxonal and abaxonal membranes could be discriminated (Fig. 5A). The g-ratio in the region within layer
6 of the primary motor cortex confirmed the typical values of the g-ratio in the CNS as well as the
limitation of THG morphology (Fig. 5B). There were substantial variations of the g-ratio along single
internode (Fig. 5C), similar to the PNS18, which can affect the conduction velocity.

Figure 5. Evaluation of the g-ratio in the deeper cortex by THG. (A) The cross sections of myelinated
axons (left) and the corresponding intensity profiles (right). The position of adaxonal and abaxonal
membranes can be precisely determined (arrowheads, right). (B) The g-ratio vs. the axon diameter for a
total of 20 axons in layer 6 of the primary motor cortex of C57BL/6 mice (N=5). The dashed line is for the
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case of a 0.5-µm myelin sheath. (C) A single internode at a depth of approximately 500 µm exhibiting
variations of the g-ratio across the length between arrow heads (yellow). Scale bar, 5 µm.
3.4: Discussion
We have demonstrated THG for imaging myeloarchitecture in the living cerebral cortex. As a label-free
modality, it is applicable to most vertebrates, i.e., not limited to fluorescently-labeled transgenic mice, thus
simplifying experimental designs to investigate neurological disorders even in models where
oligodendrocyte markers, such as CNP and myelin-associated glycoprotein, are dysregulated 52,53. The
axon’s decision to myelinate or demyelinate has long-range consequences affecting not only proximal but
also distal regions in the cerebrum. The ability of THG to track myelinated fibers, regardless of their
orientations, in a large volume of live brain is invaluable for studying the role of dynamic remodeling while
learning or diseased. While the sensitivity to 2D surfaces makes THG signal from myelin scale less
strongly than coherent anti-Stokes Raman scattering (CARS) stemming from bulk lipids within 3D
volume54-56, it is more advantageous for precise morphometry to determine the position of the adaxonal
and abaxonal membranes. It should be possible to determine the thickness of myelin sheath beyond the
optical resolution57.
We achieved the imaging depth of ~200 µm into the brain with an OPO as a light source. While
substantially better than that of confocal microscopy, even deeper ranges of THG imaging are desired for
the reconstruction of the whole cortex in vivo. While the use of high average power increases the risk of
photodamage from excessive thermal energy, a customized light source, as previously employed for
THG6,58 and three-photon excitation59, could be beneficial for visualizing gray-matter myelin in the
cerebrum. Conceivably, a comprehensive atlas of myelin network in 3D mouse brain, obtainable by
means of a THG version of serial-section tomography60-62, would be a substantial resource for further
scientific research.
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Chapter 4: High-pulse-energy multiphoton imaging of neurons and oligodendrocytes in deep
murine brain with a fiber laser
4.1: Abstract
Here we demonstrate high-pulse-energy multiphoton microscopy (MPM) for intravital imaging of neurons
and oligodendrocytes in the murine brain. Pulses with an order of magnitude higher energy (~10 nJ) were
employed from a ytterbium doped fiber laser source at a 1-MHz repetition rate, as compared to the
standard 80-MHz Ti:Sapphire laser. Intravital imaging was performed on mice expressing common
fluorescent proteins, including GFP and YFP, and TagRFPt. One fifth of the average power could be used
for superior depths of MPM imaging, as compared to the Ti:Sapphire laser: A depth of ~860 µm was
obtained by imaging the Thy1-YFP brain in vivo with 6.5 mW, and cortical myelin as deep as 400 µm ex
vivo by intrinsic third-harmonic generation using 50 mW. The substantially higher pulse energy enables
novel regimes of photophysics to be exploited for microscopic imaging. The limitation from higher order
phototoxicity is also addressed.
4.2 Introduction:
Two-photon excitation microscopy (2PM) with descanned detection has a superior depth of imaging, far
exceeding that of one-photon excitation microscopy63-65. Similar gain has been attained in general for
MPM, expanding biological investigations by light microscopy from cultured cells to fresh thick tissues. By
virtue of the safety of the near-infrared (NIR) excitation66, MPM has become the primary tool for intravital
microscopy leading to breakthrough discoveries in broad biomedical fields. Particularly in neurobiology,
2PM imaging of the mouse brain in vivo has been crucial for studying the structure and function of the
neural network. Improving the depth of MPM imaging will be tremendously impactful in other areas as well,
such as oncology and immunology.
The depth range of MPM depends on the peak power, or the pulse energy, of the excitation. The most
commonly used light source, i.e., a mode-locked femtosecond Ti:Sapphire laser, produces output pulses
of ~100-fs duration with a ~100-MHz repetition rate and ~1 W of average power, corresponding to a pulse
energy of ~10 nJ. Typically, < 1 nJ is delivered to the live mouse brain to visualize as deep as 500 µm by
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2PEF. The pulse energy from a light source can be increased further, while maintaining the average
power, by lowering the repetition rate: A 0.2-MHz Ti:Sapphire regenerative amplifier has been employed
to deliver ~225-nJ pulses for an imaging depth of ~1 mm of the mouse brain by 2PEF 67 and 1-MHz fiberbased light sources have been also demonstrated for MPM 6,68. Conversely, a lower repetition rate allows
the average power to be reduced without compromising the pulse energy. A fiber laser is advantageous
as a low-repetition-rate light source due to the easy extension of the cavity length, the freedom from freespace alignments, and smaller footprints69. However, despite many benefits, the use has been anecdotal
and not yet permeated biomedical research as widely as Ti:Sapphire lasers. One of the major reasons
hampering the adoption is that the high pulse energy has not been exploited appropriately, i.e., the
average power has been excessive for the achieved depth or the depth of imaging has been inadequate
for the average power, raising a question about the pulse quality from a fiber laser for MPM. Also, the
limited tunability is a significant shortcoming for intravital 2PEF imaging.
Here we demonstrate high-pulse-energy MPM for visualizing neurons and oligodendrocytes in live murine
brains. A ytterbium (Yb) doped fiber light source was evaluated, in comparison to a Ti:Sapphire laser,
which delivered a pulse energy of ~10 nJ at the sample at a repetition rate of 1 MHz. The peak power of
the low-repetition-rate YFLS was confirmed by means of second harmonic generation (SHG) imaging of
the retina. Intravital 2PEF imaging was performed on transgenic mice expressing GFP and YFP. Also, the
imageability of a red fluorescent protein (RFP) was investigated for multi-color imaging. Phototoxicity
arising from high pulse energy was characterized, as the factor limiting the imaging depth of high-pulseenergy MPM. A strategy of mitigating superficial photodamages was employed for deeper imaging of
cortical myelin by THG.
4.3 Results:
Instrument for high-pulse-energy MPM
In the YFLS, pulses from a 25-MHz Yb-doped fiber oscillator70 were reduced to a repetition rate of 1 MHz
by a pulse picker and subsequently amplified to an average power of ~0.5 W through a Yb-doped fiber.
The output pulse duration and spectral quality were achieved as designed (Figs. 6A and B). The
parameters of the YFLS and Ti:Sapphire laser are compared in Table 1.
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Table 1. The parameters of laser output. (*Full width at half maximum (FWHM), assuming a Gaussian
pulse)
Ti:Sapphire laser

Yb-doped fiber light source

Center wavelength

700~1050 nm (tunable)

1030 nm (fixed)

Average power

1-3 W

0.5 W

Repetition rate

80 MHz

1 MHz

Pulse duration*

160 fs

190 fs

The high energy of the YFLS pulses required a special consideration for the instrumentation of MPM
which was otherwise identical to a standard setup. Since the peak power of the YFLS is 10 times higher
than that of the Ti:Sapphire laser, the corresponding nonlinear length for the YFLS is one hundredth 71. As
a result, an excessive nonlinear phase can accumulate in the propagation through glasses degrading the
pulse quality. To reduce the effect, the output beam from the YFLS was attenuated immediately and
magnified by a pair of concave spherical mirrors with negligible astigmatism 72 (Fig. 6C).
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Figure 6. Setup for high-pulse-energy MPM. (a) Autocorrelation and (b) spectrum of a pulse from the
YFLS. Overlaid in red, a pulse from the Ti:Sapphire laser. (c) The excitation beam path. (d) SHG images
of the retinal nerve fiber bundles, confirming the 2PE equivalent average power. Scale bar, 30 µm.
Determination of the equivalent average powers
We compared the peak power of the pulses from the 1-MHz YFLS and the 80-MHz Ti:Sapphire laser. The
n-photon excitation (nPE) signal acquired from a molecule per unit time is

𝑆(𝑧) ≈ 𝜂 𝛷 𝑒𝑥𝑝 −

𝑧
𝑙

𝑃
𝑧
𝑒𝑥𝑝 −
𝑓𝜏
𝑙

Eq. 2
𝑓

where n is the order of the nPE process, 𝜂 is the quantum efficiency of the nPE process, Φ is the
collection efficiency at the surface, 𝑙 and 𝑙 are the characteristic lengths at the emission and excitation
wavelengths respectively, 𝑃 is the average power, 𝑓 is the repetition rate, and 𝜏 is the pulse duration. The
equation, which is a generalization of the previous works67,73, can be expressed in a modular form

𝑃

𝑆(𝑧) ≈ 𝛷 ∙ 𝜂
𝑓

∙𝜏

𝑧
𝑧
∙ 𝑒𝑥𝑝 −
= 𝑆 𝑒𝑥𝑝 −
𝑙
𝑙
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Eq. 3

where 𝑆 is the nPE signal at the surface and the decay length 𝑙 is
𝑙

= (𝑙 /𝑛)

Eq. 4

+𝑙

Two lasers with different repetition rates and pulse durations yield the same nPE signal, provided that the
term within the parenthesis, i.e., the equivalence parameter, is equal.
𝑃

𝑃 =
𝑓

Eq. 5
∙𝜏

Evidently, the merit of a low repetition rate is absent for 1PE and increases with the order of the process.
The maximum depth of imaging, at which the signal 𝑆(𝑧

𝑧

= 𝑛 ∙ 𝑙 ∙ 𝑙𝑛

) is equal to the background 𝐵, is

𝜂 𝛷
𝐵

Eq. 6
𝑃

To compare the equivalence parameter of the 1-MHz YFLS and the 80-MHz Ti:Sapphire laser, we
employed SHG signal arising from uniformly polarized microtubules in the retinal nerve fiber bundles 27. A
fresh flatmounted retina from a C57BL/6 mouse was imaged by the two excitation sources tuned to the
same wavelength of 1030 nm. The laser beam of the Ti:Sapphire laser was continuously adjusted until
the SHG signal was identical to that of the YFLS. The best match was found at an average power of 10
and 50 mW, respectively, indicating a fold change in 𝑓 ∙ 𝜏 of 5 (Fig. 6D). It was a bit lower than the
predicted value of 7.5 (Table 1), which could be due to the non-Gaussian temporal shape of the YFLS
pulse (Fig. 6A). Consequently, it was estimated that the fold change for the three-photon excited (3PE)
equivalent power should be 8.5.
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Figure 7. Intravital imaging of transgenic CNP-EGFP and Thy1-YFP brains by the 1030-nm YFLS vs. the
900-nm Ti:Sapphire laser. (a), (b) The superficial cortex on the normalized intensity scales. Scale bars, 50
µm. (c) Volumetric rendering of a CNP-EGFP brain with a depth range of 450 µm. (d) Thy1-YFP,
maximum intensity projection of an axial stack on a logarithmic intensity scale.
Imaging genetically encoded fluorophores
Imaging genetically encoded fluorophores has been instrumental for the success of 2PM, allowing
specific molecules and cells to be tracked in live animals. For the proof of utility, appropriate fluorescent
proteins (FPs) must be identified that are excitable by the YFLS. It is also of great interest whether the
vast library of transgenic strains labeled with GFP can be imaged by the YFLS. To this end, we tested two
popular FPs, i.e., enhanced GFP (EGFP)74 and YFP75. Two transgenic strains were employed, namely
CNP-EGFP36 and Thy1-YFP (H-line)37, expressing membrane-anchored EGFP in oligodendrocytes and
YFP in neurons, respectively. The brain of an anesthetized mouse was imaged through an optical cranial
window. The region of interest was imaged with a setup where the light source alternated between the
YFLS at 1030 nm and the Ti:Sapphire laser at 900 nm. The average power was 6.5 mW and 20 mW at
the sample, respectively. The two-photon (2P) action cross section (i.e., a product of the 2P absorption
cross section and the quantum efficiency of fluorescence) of EGFP has been measured to be
approximately 35 GM at 900 nm but negligible at 1030 nm76,77. Surprisingly, we found that EGFP was
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excitable by the YFLS at 1030 nm so that the myelinated fibers as deep as 400 µm in CNP-EGFP could
be visualized (Figs. 7A and C). The measured 2P action cross section of a fluorescent protein exhibits
substantial variations77-80, or is not available at all in the literature for the particular mutant of interest,
making it difficult to predict the intravital performance. We estimated the relative 2P action cross section
from the statistics of intravital images, i.e., the standard deviation of the 2PEF signal at the surface
𝜎[𝑆 ] = (𝜂 𝛷 𝑃 )𝜎[𝑁]

Eq. 7

where 𝑁 is the number of fluorescent molecules. By analyzing the images of the same region, the 2P
action cross section of EGFP was determined to be ~1 GM at 1030 nm, approximately 3% of the value at
900 nm. The estimated value was validated by the relatively equal brightness of the images normalized
by 𝜂 𝛷 𝑃 (Fig. 7A). Such a low 2P action cross section could yield bright 2PM images on account of the
high pulse energy of the YFLS. By contrast, YFP could be excited efficiently (Figs. 7B and D). The 2P
action cross section of YFP at 1030 nm was approximately 50% of the value at 900 nm (Fig. 7B). As a
result, it was anticipated from Eq. (6) that the depth of imaging would increase by 0.34𝑙 compared to that
with a 3 times higher average power from the Ti:Sapphire laser. A depth of 2PEF imaging of ~860 µm
was achieved in a Thy1-YFP brain (Fig. 7D). It was similar to the previous depth obtained with a 200-mW
average power at the sample from a 40-MHz YFLS81.
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Figure 8. RFP for multi-color intravital 2PM. (a) Schematic of pLV-Syn-TagRFPt-T2A-EGFP. (b), (c) Coregistration of EGFP and TagRFPt, excited by the Ti:Sapphire laser at 900 nm and the YFLS at 1030 nm,
respectively. (b) The dendrites in the superficial cortex and (c) cell bodies at the depth of 300 µm. Scale
bars, 50 µm.
RFP for multi-color intravital 2PM
The narrow tunability of the YFLS is a drawback, compared to broadband Ti:Sapphire lasers, for multicolor tracking of dynamic interactions between various molecules and cells. We sought to identify
additional fluorescent proteins excitable by the new light source. A monomeric RFP, TagRFPt, was
selected, which is an S158T mutant of TagRFP with an enhanced brightness and photostability 82,
because the peak 2P action cross section of TagRFP is at 1030 nm and as high as that of EGFP at 900
nm (~35 GM)76,77. Furthermore, its variant (mKate2) has been verified for intravital 2PEF imaging of the
mouse brain23. TagRFPt was expressed in the cerebral cortex via lentiviral transduction. A bicistronic
vector was cloned as shown in Fig. 8A: After self-cleaving peptides T2A, EGFP was inserted as a
reference. The synapsin promoter (Syn) was employed for neuronal expression. After stereotaxic
injection of pLV-Syn-TagRFPt-T2A-EGFP, the brain of an anesthetized mouse was imaged through an
optical cranial window. EGFP and TagRFPt were co-localized in the dendrites and neuronal cell bodies
(Figs. 8B and C). By analyzing a region imaged with the Ti:Sapphire laser at 900 and 1030 nm, it was
determined that the relative brightness of TagRFPt at 1030 nm was about one third of that of EGFP at
900nm. Furthermore, the excitation by the YFLS and the Ti:Sapphire laser at 1030 nm showed that the
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relative brightness of TagRFPt was reduced by a factor of 3~4 when excited with high pulse energy. It
has been shown that the dark state conversion and irreversible photobleaching of TagRFPt depend on
the intensity of illumination83. The observed difference between the low and high pulse energy conditions
suggested additional photophysical pathways for the latter.
Photodamage
The depth of high-pulse-energy MPM is limited by various photodamages, including fluorophore-specific
photobleaching and tissue-dependent photocytotoxicity. We found that an average power of ~10 mW
(~10-nJ pulse energy) at the sample was safe to the live brain, similar to the previous damage threshold
of 25-30 mW for 1-MHz, 300-fs pulses6. The corresponding light exposure, i.e., the incident irradiance
integrated over time, was approximately 50 J/cm2. Substantially above this threshold level, there was an
increased propensity of phototoxicity where microbubble-like lesions grew nonlinearly with the exposure
time. The damages that occur during 2PM have been suggested to be via high-order nonlinear
processes84,85. The order of photodamage determines the maximum permissible exposure during highpulse-energy MPM because the viable peak power can be further restricted. We observed 3PEF from
non-labeled live mouse brains, well below the damage threshold, in the spectral range of common
autofluorescence (460-485 nm) shorter than a half of the excitation wavelength. It was specific to highpulse-energy MPM. When the same region in the superficial brain was imaged by the YFLS and the
Ti:Sapphire laser at 1030 nm delivering an identical two-photon excited (2PE) equivalent average power
(10 mW and 50 mW, respectively), the 3PEF signal was detected only with the YFLS while the 2PEF and
SHG signals were comparable (Fig. 9A). Above the damage threshold, light-induced lesions appeared
near the positions of intense 3PEF suggesting that phototoxicity was mediated by 3PE. To gain further
insights into the order of photodamage, the depth of damage was measured as a function of the average
power at the sample. Z-stack images of the live brain were acquired with the 1-MHz YFLS starting from a
depth of >200 µm and moving toward the top of the brain (Fig. 9B). At the onset of photodamage, the
average power was abruptly lowered, and the depth was measured. The depth of photodamage can be
described by Eq. (6), where the decay length has no contribution from the collection path.
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𝑧

= 𝑙 ∙ 𝑙𝑛

𝑃
𝑃

Eq. 8

𝑃 is the threshold average power to cause damages at the surface. The best fit to Eq. (8) yielded the
characteristic depth 𝑙 of 81 µm (Fig. 9C). The threshold average power was approximately 15 mW, which
had the 2PE and 3PE equivalent average power of 75 and 127.5 mW, respectively, of an 80-MHz source.
The observed damage resembled the event at the 3PE rather than 2PE equivalent average power of 80MHz Ti:Sapphire laser, implicating 3PE as the primary pathway of photodamage. Because of the higher
order, the effect of phototoxicity was confined to the superficial layer. It was therefore conceivable that the
full depth of high-pulse-energy MPM could be obtained by variable excitation, i.e., gradually increasing
the excitation power with depth.

Figure 9. Photodamage in the live brain by high-pulse-energy MPM. (a) The superficial cortex imaged by
the YFLS and the Ti:Sapphire laser at the same wavelength and 2PE equivalent average power. Scale
bar, 50 µm. (b) Axial projections showing the depth of photodamage at various average powers (arrows).
Scale bar, 220 µm. (c) The depth profiles of photodamage (N=3 mice) and the best fit (red). Green
markers indicate the data shown in (b).
THG imaging of the mouse brain ex vivo
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Intravital THG microscopy has an emerging application, i.e., label-free imaging of the myelinated fibers in
the cerebral cortex, for which the short wavelength of a Ti:Sapphire laser is not ideal. Using an OPO
tuned to 1160 nm and ~100 mW of average power at the sample, a depth of ~200 µm has been
demonstrated86. To obtain a depth range suitable for visualizing myelination by oligodendrocytes across
the cortical layers, we performed high-pulse-energy THG imaging. Eq. (6) predicts that the depth of THG
imaging of ~500 µm is achievable with an average power of 50 mW from the 1-MHz YFLS, i.e., an
additional depth of 4.4𝑙 compared to that achieved by the 100-mW, 80-MHz OPO. However, the decay
length 𝑙 could have been reduced due to the stronger Rayleigh scattering and absorption of the
ultraviolet THG emission (Eq. (4)). We examined the decay length of high-pulse-energy THG imaging
using fixed brains. The average THG intensity of single myelinated axons was analyzed (Fig. 10A). The
best fit to Eq. (3) yielded a decay length of 67 µm, which was a little shorter than the value obtained with
an OPO (Table 2). Next, we tested the maximum depth of THG imaging. A variable excitation was
employed in which the average power started from 50 mW and gradually decreased as the image plane
moved toward the top of the brain. Myelinated fibers up to 400 µm deep were visualized within the intact
brain (Fig. 10B), which was approximately 2 times deeper than the result from an OPO despite using only
half the average power. Consequently, the bundles of myelinated fibers in layer 4 could be visualized in
the whole brain (Fig. 10C).
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Figure 10. Imaging myelinated axons in the cerebral cortex ex vivo by THG. (a) The average profile of
THG intensity (N=7) and the best fit (red). (b) Volumetric rendering with a depth range of 400 µm. (c)
Maximum intensity projection of an axial stack, showing the bundles of radial fibers in layer 4 (arrows).
Scale bar, 20 µm.
4.4 Discussion:
We have demonstrated high-pulse-energy MPM imaging of the murine brain. Increased MPM signal and
enhanced depth were obtained with a pulse energy >10 times higher than achieved by the standard setup
with a Ti:Sapphire laser. The YFLS was evaluated against Ti:Sapphire lasers by means of the fold
change in the equivalent average power. A factor of 5 and 8.5 was demonstrated for 2PE and 3PE,
respectively. The depth of 860 µm was obtained using 6.5 mW of average power for imaging the Thy1YFP brain in vivo, and 400 µm using 50 mW for THG imaging of cortical myelin ex vivo. Further
improvement by a factor of 10 and 21 for 2PE and 3PE, respectively, seem feasible by lowering the
repetition rate to 250 KHz at which the number of pulses per pixel is ~1 for a frame of 512×512 pixels and
a rate of 1 Hz. It could then visualize the entire gray matter of the cerebral cortex. High-pulse-energy
MPM therefore represents an orthogonal approach to wavefront compensation 87,88. We measured the
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decay lengths, 𝑙 , of the high-pulse-energy MPM of the mouse brain which were within the range of
values in the literature (Table 2).
Table 2. The decay lengths of MPM imaging of the rodent brains. (*The characteristic length at the
excitation wavelength)
Decay length

Wavelength

Reference

65 µm

775 nm

87

~100 µm

800 nm

73

80-100 µm

800-850 nm

88

120-220 µm

830 nm

89

100 µm

~860 nm

90

80 µm

850, 920 nm

91

95 µm

925 nm

67

170 µm

940 nm

68

126 µm

1110 nm

91

143 µm

1280 nm

87

67 µm

1030 nm

This work

65-84 µm

1160 nm

86

3PEF

122 µm

1675 nm

92

Photodamage*

81 µm

1030 nm

This work

2PEF

THG

29

High-pulse-energy MPM presents opportunities as well as challenges. New regimes of light-molecule
interactions could be utilized for microscopic imaging, e.g., the 2PE of fluorescent molecules with 2P
action cross sections as low as <1 GM. By contrast, it also elicits nonlinear photodamages which are
relatively insignificant under the ordinary 2PM condition. While the use of low average powers is
advantageous for reducing the effect of one-photon excited (1PE)-induced photodamages, such as
heating89, we found that phototoxicity was mediated primarily by higher order (3PE) processes. The
safety of high-pulse-energy MPM must be characterized for long-term time-lapse imaging and the
possible mechanisms of phototoxicity need to be further elucidated, e.g., the activation of flavincontaining oxidases90 and the generation of reactive oxygen species91. The previous techniques could
help mitigate phototoxicities in high-pulse-energy MPM92,93.
Another challenge for high-pulse-energy MPM concerns the speed of imaging67. The required number of
pulses per pixel imposes a limit less favorable than for the 80-MHz Ti:Sapphire lasers. The maximum linescan rate of ~4 KHz, or the maximum frame rate of ~15 Hz (1 pulse per pixel and 256×256 pixels per
frame), is still adequate for resolving the Ca2+ transients (~100 ms) by line-scanning but much less so by
frame-scanning.
A variety of RFPs have been developed82,94-98, including Ca2+ indicators99,100, to improve the depth and
safety of intravital imaging. We found that TagRFPt was appropriate for intravital 2PM imaging, although
the brightness was compromised under the illumination with high pulse energy. The excitation-driven
photophysics of TagRFPt, similar to YFP101, may underlie the observed reduction in the brightness. It is
conceivable that other variants of TagRFP (e.g., R67K S158T)83, or new RFPs specifically evolved for
high-pulse-energy MPM, could improve the utility of the YFLS.
The YFLS has gained much attention for 2PE due to the wavelength filling the gap between the
Ti:Sapphire laser and the OPO102,103. Taken together, our results demonstrate its potential as a standalone light source for high-pulse-energy MPM. Comparable MPM signals could be obtained at a low
average power; typically, less than 100 mW was necessary directly out of the laser system except for
THG imaging. The reduced average power is a great advantage for designing a simpler laser as an
affordable source for MPM.
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Chapter 5: An Expectation-Maximization model for the evaluation of the g-ratio in third harmonic
generation images
5.1 Abstract:

A model for the probabilistic evaluation of the g-ratio is presented. From images based on a
nonlinear optical signal of THG, this important metric characterizing the integrity of myelin sheaths,
and essential for proper conduction of neural signals, may be determined. The properties of THG
offer a unique promise of super-resolution precision; however, THG-based optical metrology has
been hampered by the diffraction-limited resolution. Here a method is demonstrated for enhancing
the precision of THG morphometry. Our results show the benefit of a 2D Gaussian mixture model,
which accounts for the anisotropic PSF. Comparisons to other optical imaging modalities as well as
future prospects are provided.
5.2 Introduction:

The g-ratio, i.e., the ratio of the axonal diameter to the myelinated fiber diameter, is an important
morphological metric and a predictor of the conduction velocity. The g-ratio is maintained at around
0.7 in normal tissue104 and significant deviations often indicate clinical conditions. To address this
problem, we demonstrated previously a nonlinear optical contrast of THG for visualizing and
estimating the g-ratio of the myelinated fibers in the PNS18 and CNS86. In THG images, the positions
of membranes can be readily detected by finding the peaks in the intensity profiles, which is a
unique ability among light microscopy techniques. However, as the thickness of the myelin sheath
decreases, it becomes increasingly difficult to discriminate adaxonal and abaxonal membranes. This
effect is especially prominent in thin axons or demyelinating fibers.
Bayesian, probabilistic techniques make possible “super-resolution”, the ability to resolve objects at
length scales below the Rayleigh or Abbe limits, by invoking a priori or a posteriori probability. Early
attempts at using Bayesian methods to uncover ground truth image data enhanced noisy or degraded
pictorial data initially by using a recursive Bayesian estimator105 and later a more computationally difficult
non-recursive maximum a posteriori method106.

31

A priori information was applied to biological imaging with knowledge about likely configurations being
used to identify lesions in brain and liver imaging107. However, multi-dimensional analysis remained
difficult due to the computational requirements. As computing power improved, more complex image
analysis became possible, for example marginalizing over an unknown result to determine image
parameters108.
More recent developments have included a three-dimensional GMM used for computationally efficient
modelling of subunits of a biomolecular complex109. GMMs have also been employed to model the PSF
as a sum of multivariate Gaussians thus approximating a theoretical PSF but with lower computational
costs110. Akin to diffraction and aberration limits, an algorithmic limit has been proposed which measures
the ability of an algorithm to measure spatially random point particles at a given density 111.

Here we present a two-dimensional probabilistic model for the evaluation of the g-ratio. Specifically,
a GMM was tested to improve the precision of THG morphometry. The method achieves significantly
better resolution and more objective evaluation than possible by visual inspection of the images.
5.3 Methodology:

Third Harmonic Generation
The sensitivity of THG signal to the interfaces enables unambiguous and bias-free evaluation of the
g-ratio. The adaxonal and abaxonal membranes can be discriminated even when they are separated
by less than the optical resolution. It is well known that the precision with which the centroid of the
PSF can be determined is as high as a few nanometers, i.e., two orders of magnitude smaller than
the diffraction-limited optical resolution57,112. The numerically evaluated intensity of THG113-115
indicates that the image formation can be approximated as an incoherent process in which the
magnitude of the 3D gradient of the refractive index n is convolved with the PSF of the three-photon
excitation, h(x,y,z)116.

𝐼
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Eq. 9

The gradient magnitude is a well-known operator of edge detection in image processing117 and the
above equation suggests that the THG process performs optical edge detection.
Gaussian mixture model and image processing
The log likelihood function of a multivariate GMM is given as follows118.
Eq. 10
ln 𝑝(Χ|𝜋, 𝜇, Σ) =

ln

ln 𝜋 𝑁(𝜒 |𝜇 , Σ )

The parameters of the model, i.e., positions, weightings, and covariances, were evaluated by an
expectation-maximization (EM) algorithm119 subject to certain constraints. Namely, it was assumed
that the number of Gaussians to fit was fixed. Furthermore, the covariances were limited so as not to
allow the Gaussians to assume non-physical sizes, i.e., smaller than the PSF. The EM method finds
the most probable positions and covariances of the adaxonal and abaxonal membranes given the
intensity distributions. Our hypothesis was that the GMM will perform better than peak detection on
account of the usage of the information within the intensity profiles.
5.4 Results:

1D
Depicted in Fig. 11 are the representative THG images of the sciatic nerves of three mouse strains.
The lateral cross-sections intersecting the middle of the fibers are shown. For the wild type and
NRG1 Type III mice, there were four distinct THG intensities corresponding to the membrane
boundaries whose position could be detected from the peaks of THG profiles (green arrowheads).
Alternatively, the THG profiles can be modeled as a linear superposition of Gaussian profiles.
As can be seen in Fig. 11 (red arrows), there were additional contributions inside the axon, which
rendered the THG profiles not only asymmetric but also varying as a function of the diameter. While
insignificant for peak detection, the residual signal would have a significant effect by introducing
considerable error in the GMM estimation. It seemed that the asymmetric profiles stemmed from out-
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of-focus signal.

Figure 11. THG images (lateral view) of the sciatic nerves of three mouse strains. The positions of
the adaxonal and abaxonal membranes (green arrowheads) and the effects of out-of-focus signal
causing side lobes and/or asymmetric THG profiles (red arrows) are indicated.

2D
As the 1D GMM is limited by out-of-focus light, we constructed a 2D GMM which would be less
sensitive to that effect. The axial profile was simulated by convolving two concentric rings of variable
spacing (Fig. 12A) with the approximate PSF of our imaging system. Fig. 12B is the result of that
convolution. Compared to the actual THG images of the sciatic nerve (Fig. 12C-E) we see similarity.
For a sufficient distance, the two membranes are resolvable. A 2D GMM should yield higher
precision than a 1D version because it accounts for the anisotropic PSF due to the axially elongated
focal volume.
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Figure 12. Improved estimation of the g-ratio with a 2D GMM. THG images of sciatic nerves (axial
cross sections). (A, B) Simulated data before and after convolution respectively; (C) Wild Type. (D)
NRG1 type III+/-. (E) Tr-J. Scale bars, 5µm.
To examine the ability of the 2D GMM to analyze thin myelin sheaths, a series of fabricated axons were
developed by convolving two concentric rings of variable spacing with the approximated three-photon
PSF. The inner ring was kept at a constant diameter of 7µm while the outer ring varied from 7.05µm to
9µm in diameter corresponding to a membrane separation of 0.025µm to 1µm. The convolved images
were truncated and background subtracted to isolate the regions of interest. The model was run twice for
each fabricated axon; once by fitting two Gaussians, and again by fitting four Gaussians (Figs. 13B and
C). For each spacing, the negative log likelihood difference was calculated (Fig 13A). Below a 0.1µm
separation, the two models converged exactly.
Above 0.1µm we see a relatively shallow slope indicating that increasingly thick myelin sheaths are not
resulting in a substantial increase in relative likelihood for the four Gaussian model over the two Gaussian
model. However, starting at ~0.5µm we begin to see dramatic increases in relative likelihood as the
separation increases. This is apparently driven by the fact that the two Gaussian model continues to
become rapidly less likely with separation, but the four Gaussian model sees an increase in likelihood as
the profiles become distinct. This inflection point indicates a higher resolution ability than previously
achieved by manual peak detection18.
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Figure 13. 2D GMM using simulated data. (A) Difference in likelihood between a four Gaussian and two
Gaussian model as a function of myelin thickness. (B&C) Simulated data for a thin and a thick myelin
sheath respectively and calculated solutions for a four Gaussian model (top right) and two Gaussian
model (bottom right).
G-ratio
The g-ratio – the ratio of the axon diameter to the full fiber diameter – is an important biomarker in myelin
biology. Due to its sensitivity to boundaries, THG microscopy is uniquely able to produce accurate
readings. THG images of myelinated axons, taken from the CNS of wild type mice, and the PNS of wild
type, NRG1 type III, and Trembler mice, published in previous works 18,86 were used. Axons were
selected, modeled both as a sum of two and four Gaussians by the 2D GMM, and the g-ratio calculated.
While in the previous studies we found a boundary corresponding to an adaxonal-abaxonal separation of
0.85µm (Fig. 14A, blue line), any thinner than which could not be estimated, using the 2D GMM we found
that limit to be 0.6µm (Fig. 14A, red line). The marginal improvement allows for analysis of Trembler mice,
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previously unavailable due to the limits of manual peak detection. The results of the 2D GMM suggest the
model is accurately distinguishing between various strains which show as distinct striations in the g-ratio
graph (Fig. 14B).

Figure 14. G-ratio estimation. (A) Estimation of g-ratio by 2D GMM (red) and manual peak detection (blue)
taken from the same family of data. Solid lines show the apparent limitations of each method. (B) Identity
of 2D GMM data from part (A) showing distinct groupings between the Trembler (orange), NRG1 (green),
Wild Type PNS (black), and Wild Type CNS (purple).
5.5 Discussion:

Here we have proposed a Bayesian approach to evaluate the g-ratio which improves the precision of
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a THG-based optical metrology. The method can be useful for asking important questions in
neurobiology – for instance, recent evidence implicates the g-ratio variations as a potential
mechanism for cortical plasticity11. The problem of metrology arises from the tremendous gap in
sizes within single myelinated axons spanning over >5 orders of magnitude, i.e., from the
interlamellar spacing (~1 nm) to the internode length (>~100 µm). To capture the full characteristics
of myelination, especially in the brain, it is necessary to employ an imaging technique having both a
high resolution and a large range. Even with such a technique, measuring the thickness of myelin
with resolutions of 10 nm across a large volume of tissue (~1 mm3) demands at least 1015 samples
which, at a rate of 1 MHz, takes 109 seconds or ~32 years. Apparently, a practical metrology method
must have context-dependent, variable effective resolutions to survey a large volume of brain where
myelination has a sparse distribution. We have addressed this technical bottleneck in proposing a
new large-scale, high-resolution morphometry.
THG morphometry has several advantages. Most importantly, the dynamics of demyelination can be
observed in vivo over time allowing the relationship between pathologies to be investigated in a
cause-and-effect manner. This is not possible by many current modalities, such EM and IHC, where
the specimen must be prepared for fixation and sectioning. The elaborate procedures for fixation,
labeling or embedding are not only incompatible with live tissue, but also time- consuming thus not
scalable for a tissue-wide evaluation of the g-ratio. Since THG is an intrinsic contrast, exogenous
labeling is unnecessary. Label-free THG microscopy greatly simplifies the examination of
myelinated axons, allowing visualization of myelin in any animal models, not just fluorescently
labeled transgenic animals. Since the process of THG does not deposit energy in the sample, THG
microscopy is free from photobleaching, a common problem in fluorescence microscopy. It allows
safer irradiation suitable for long-term observation of dynamic interaction. Ordinary EM lacks a 3D
spatial relationship, hampering the ability to study the g-ratio beyond a single point along the axon.
By contrast, the depth-sectioning capability of THG microscopy is desirable for visualizing the threedimensional structure of myelinated axons so that a map of the g-ratio along the axon can be
acquired without having to prepare thin sections.
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CARS microscopy was demonstrated for evaluation of g-ratio54. However, because CARS signal
arises from the chemical bonds in the bulk of the myelin sheath, the identification of axon and fiber
boundaries can be less precise for thin fibers. Consequently, the previous CARS work depended on
an arbitrary, subjective definition of myelin thickness for g- ratio estimation. There are also
reflectance-based imaging modalities demonstrated for visualizing myelinated fibers in the PNS and
CNS, including OCT49 and SCoRe48. These techniques collect the reflection occurring primarily at
the top and bottom surfaces of the myelin sheath, whereas THG visualizes entire axial sections of
3D myelin. Consequently, OCT and SCoRe cannot determine the g-ratio for the entire population of
myelinated fibers.
Finally, we address a prospect of optical metrology of the myelin sheath and the limits. The g-ratios
evaluated by electron and light microscopy reveal different types of biases120-122. The former has a
relatively small field of view so is difficult to quantify larger fibers, whereas the latter is limited by the
resolution leading to a sampling bias, i.e., undersampling of thinner fibers. THG morphometry is
sufficiently accurate to distinguish the subtle difference between WT and haploinsufficient NRG1
knockout mice, which is well known in the field to be nontrivial, but the effect of limited resolution
persists18.
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Overview and outlook
In this dissertation THG microscopy was presented as a label-free contrast for acquiring high
resolution images of myelin in the murine CNS and PNS. The modality was demonstrated using two
different light sources, one commercial and one custom built, and a unique property of THG was
exploited to gain additional information about an important biomarker, the g-ratio. The results are
summarized below.
In chapter 3 we demonstrated the efficacy of the THG microscopy in the murine CNS using a
Ti:Sapphire pumped OPO. The results were qualitatively compared to fluorescence images taken
from CNP-EGFP and Thy1-YFP mice, demonstrating high myelin-specificity. Myelin orientation as a
function of brain layer was analyzed. Cortical myelin imaging was demonstrated on a live mouse.
The g-ratio was determined from THG images using manual peak detection.
In chapter 4 we used a custom built light source that used lower repetition rate, higher peak power
pulses as compared to Ti:Sapphire. Due to the nonlinearity of THG signal, this made possible
significant improvements in the depth of imaging.
In chapter 5 we have proposed a method to calculate the g-ratio from THG images where manual
peak detection is not possible. This is accomplished by using a GMM where the parameters are
determined by EM. A preliminary demonstration is shown wherein the GMM program outperformed
manual peak detection.
The results from this work authenticate THG microscopy as a technique for myelin imaging in the
CNS. The versatility of intravital imaging by THG, as well as the unique characteristics of the
modality that allow biologically relevant information to be analyzed, confirm THG microscopy as a
valuable assay for investigating the role of myelin in learning and disease. The depth improvement
achieved with the YFLS is by no means a fundamental limit; with a purpose-built light source, it is
conceivable that THG microscopy may provide high resolution in vivo imaging of myelin across all
cortical layers.
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